Abstract Control-theoretic pilot models can provide important new insights regarding the stability and performance characteristics of the pilot-aircraft system. Optimal-control pilot models can be formed for a wide range of flight conditions, suggesting that the human pilot can maintain stability if he adapts his control strategy to the aircraft's changing dynamics. Of particular concern is the effect of suboptimal pilot adaptation as an aircraft makes transitions from low to high angles of attack during rapid maneuvering, as the changes in aircraft stability and control response can be extreme. The effects of optimal and suboptimal effort during a typical "high-g" maneuver are examined, and the concept of minimum-control effort (MCE) adaptation is introduced. Limited experimental results tend to support the MCE adaptation concept.
INTRODUCTION
SQ INCE Tustin first likened the command and response kpatterns of anti-aircraft gunners to rudimentary control systems [1] , the intriguing notion that control-theoretic mathematical models can characterize the human operator has been carried to a high state of development. Frequencydomain models have proven capable of capturing fundamental aspects of the human operator's behavior in a straightforward and logical fashion [2] , [3] , while timedomain models have demonstrated that a well-motivated subject can, in fact, behave like an optimal control system in various single-and multi-axis tracking tasks [4] - [6] . Nevertheless, a number of perplexing problems remain in the study of what might be called the pilot's "discretionary control behavior"; i.e., given that the subject is physically and emotionally capable of performing a task in an optimal manner, why might that subject choose to do otherwise?
The matter is of particular concern when the subject is a skilled pilot and the task is controlling a maneuvering aircraft, for the success of the mission and the pilot's own safety are strong motivating factors. During rapid maneuvering, the aircraft's dynamic characteristics can change markedly in a matter of seconds, and the pilot may be called upon to make changes in his control strategyjust to maintain stability, much less carry out his mission. More often than not, the pilot who performs such maneuvers has The approach taken in this paper is to define a sequence of optimal-control pilot models which corresponds to the aircraft's changing dynamics as it performs a nominal maneuver, and to examine the effects of pilot-aircraft model mismatch on closed-loop stability and statistical tracking error. The maneuver a "wind-up turn" begins at a low angle of attack Lo and proceeds to a high ot0. As the maneuver progresses, there is a dramatic variation in the optimal piloting strategy, including in some cases, a change in sign of the pilot's stabilizing commands to the aircraft.
From the outset, it is clear that sufficient mismatch could lead to closed-loop instability, but the rationale for large mismatch remains to be determined.
A hypothesis for mismatch is found in the minimumcontrol-effort (MCE) model of pilot adaptation, which suggests that the pilot selects not the optimal strategy, but the one which minimizes the variance ofstick and pedal motions (in the mismatched case). With the MCE pilot model, closed-loop stability can be maintained, but the margin for error is reduced in comparison to the optimal strategy.
Where the pilot has a choice of control outputs, (e.g., stick alone, pedal alone, or combination of the two), the MCE pilot model also predicts the point during the maneuver at which the pilot may choose to make a transition from one command mode to another to maintain stability with minimum effort.
The MCE pilot model has yet to be validated by exhaustive experimentation, but there is remarkable agreement between the model's predictions and piloted ground-based simulation results, one of which is shown below.
PILOT AND AIRCRAFT MODELS A block diagram of the pilot and aircraft models is shown in Fig. 1 , and it is seen to be similar in structure to the systems of earlier studies [5] , [6] . Perturbation Attention is directed to the effects that the pilot model has on a high-performance aircraft which is in a "wind-up turn" maneuver, described by the first four columns of Tables III and IV shows that the foot pedal gains have the same signs at all but the first flight condition, and the gain magnitudes are very close as well. Thus it is clear that the degree of adaptation required for foot pedal control is relatively low, although there is substantial change in gain magnitudes to account for changing control power.
STABILITY BOUNDARIES
While the adapted pilot model maintains a high level of stability throughout the wind-up turn, it is apparent that adaptation is itself a difficult task. The pilot may choose to adopt response patterns which are more consistent and, therefore, suboptimal with respect to the criteria used to generate the pilot model. Furthermore, even if the pilot chooses to adapt optimally in a dynamic maneuver, there is likely to be a lag between the aircraft's actual flight condition and the pilot's adaptation point. Consequently, it is instructive to examine cases in which the aircraft's dynamics and the control strategy adopted by the pilot model are mismatched. In the examples which follow, it is assumed that the pilot formulates an optimal control strategy for an assumed angle of attack op, which may or may not be the same as the aircraft's angle of attack a A during the maneuver. Fig. 2 illustrates the boundaries between pilot-aircraft stability and instability for independent variations ofCA and cap (during the wind-up turn). Stability of the pilot-aircraft system is determined by the closed-control-loop eigenvalues, with pilot model control gains computed for ocp and aircraft dynamics represented at XA. (Pilot model estimator eigenvalues are determined separately and are stable, except as discussed in the following paragraph.) When the pilot model output is lateral stick command alone ( Fig. 2(a) Fig. 2 apply as long as the pilot model is able to make a stable estimate of the aircraft's state. In the present case, the pilot model estimator gain algorithm diverges with dual control at high a, (Fig. 2(b) ) because the signal-dependent neuromotor noise is free to grow without bound in the estimator gain solution [9] [11] . in which the aircraft is assumed to be driven by Gaussian turbulence (a first-order Markov process with an rms level of 1.52 m/s (5 ft/s) and a correlation time or time constant of 0.3 s), and the pilot aircraft model is used to compute the equilibrium rms values of state and control perturbations which result.t Since the covariances of system variables are used to define the pilot model estimator gains, the same equations can be used to evaluate the statistical performance of the pilot, including the amount of control activity associated with regulating the aircraft (in turbulence) at each flight condition, the resultant pointing and angular rate errors, and so on. OnI1y pilot model control nionadaptationi is investigated; the pilot model estimator is assumed to be adapted at each flight condition (defined by 1A). Hence, when otp !A only the pilot model control gains are mismatched. The results which follow demonstrate the effects of suboptimal control strategy on piloting performance; the effects of suboptimal estimation remain to be determined. The contours for rms roll rate up rms side velocity c, (equivalent to sideslip angle times The state cotariance matriY X is defined as the expected value of the products of the states, i.e., X E(AxAxF), and the rms values of the states are the square roots of the diagonal elements of X. The control covariance matrix, U, and the associated rms values are similarly defined. The covariance propagation equations are detailed in [9] forward velocity), and rms stick motion l define surfaces of rms values in much the same way as a topographical map displays hills and valleys. It is apparent that the valleys in Fig. 3 (Fig. 3) . Maintaining perfect adaptation for XA = 17 to 20 deg requires four times the rms control motion that is used at low aA. In addition to substantial gain variation with flight condition (Table II) , perfect adaptation also leads to increased control effort, again suggesting that the pilot may choose to change his control mode or to adapt in suboptimal fashion.
Performance contours for a pilot model using both stick and pedals demonstrate that the addition of pedal control has little effect on a, (except at low a), but it does reduce 0, (as might be expected) and increase stability margins (Fig.  4) . The pilot model can retain low aup and a to high angles of attack with low control effort by fixing xpin the vicinity of 10 deg (Fig. 5) [9] are additional results for pedal-alone control which demonstrate that stability and low control effort can be maintained with the stick centered for all A, considered. slightly underadapted atgA = 12 deg; hence, the net amount of adaptation is lower than that implied by fully optimal control.
As cA increases, the MCE strategy is headed for a stability boundary. The pilot can avoid the boundary by adopting a more nearly optimal strategy, but this requires substantially increased control effort. As alternatives, he can either blend in foot pedal command (coordinated adaptation) or use the pedals alone (stick-centered adaptation) for lateraldirectional control. The advantage of the first approach is that relatively good maneuvering precision can be maintained with both controls without requiring counterintuitive control style; however, the coordinated use of both controls is a difficult task. Judging from Table IV CONCLUSION Whether or not a pilot experiences difficulties in maneuvering flight depends upon how he adapts his control strategy to changing flight conditions. Stability boundaries plotted as functions of the aircraft's actual x and the x assumed by the pilot model in forming a control strategy illustrate that the pilot's adaptation must be very nearly optimal to maintain stability in certain flight conditions. Consideration of statistical tracking error and control usage within stable boundaries leads to the concept of MCE adaptation in the pilot model. The MCE model provides a rationale for nonoptimal adaptation which accounts for fundamental changes in the control modes selected by the pilot, such as the decision to use stick and pedals in a coordinated fashion rather than stick alone.
